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TNF receptor family members and their ligands
TNF RECEPTOR FAMILY members are defined based on homology in the extracellular domain, that contains many cysteine residues arranged in a specific repetitive pattern. 1 The cysteines allow formation of an extended rod-like structure, responsible for ligand binding.
2 Ligands of the TNF receptor family are w structurally homologous to TNF␣ with the exception Ž .x 1 of nerve growth factor NGF .
With respect to their cytoplasmic region, TNF receptor family members can be categorized according Ž . to the presence or absence of a death domain DD . tor-1rDR4, 8 and TRAIL receptor-2rDR5. 9 ᎐ 13 An-Ž . other receptor for TRAIL TRAIL receptor-4 has a partial DD.
14 Receptors that have a sizable cytoplasmic tail, but lack a DD, include the NGF recep- 
Signal transduction by death receptors
Recently, the signal transduction mechanisms employed by TNF receptor family members have been Ž . partially elucidated Figure 1 . These receptors make 41 ,42 which serve to recruit this caspase to FADD and therewith to the death receptor. Receptor-mediated multimerization of caspase-8 is thought to result in its autocatalytic activation, involving proteolytic processing at defined sites and the release of an active caspase into the cytosol. Like FADD, RAIDD has a caspase homology domain in its amino terminus, which in this case can interact with the prodomain of caspase-2. 39 Whereas RAIDD has not yet been implicated in an endogenous signaling pathway, CD95-induced assembly of FADD and caspase-8 has clearly been demonstrated in untransfected cells.
41
TRADD has a carboxy terminal DD, that can interact with the DD in the cytoplasmic tail of TNF receptor-1, as well as the DD in FADD. 35, 43 It has the unique capacity to couple to both apoptotic and non-apoptotic signaling pathways. Apoptosis induction is mediated via FADD, while non-apoptotic effects are mediated via TRAF adaptor proteins that bind to the amino terminal region of TRADD.
43
Although endogenous interactions of this nature remain to be documented, the proposed signal bifurcation at TRADD may explain some of the opposing effects ascribed to TNF. TRAIL receptors-1 and -2 bind TRADD and FADD and induce apoptosis as well as NF-B activation, 44, 45 while APO-3rTRAMP can also induce both these functions. 6 These findings suggests that TRAIL receptors-1 and -2 and APO3rTRAMP signal similarly to TNF receptor-1. TRAIL receptor-4 has a partial DD and does not induce apoptosis, but shares the capacity to activate NF B with the other TRAIL receptors.
14 Daxx is an adaptor protein that does not contain a DD but binds via its carboxy terminus to the DD of CD95. Daxx activates the c-Jun N-terminal kinase Ž . JNK pathway and amino-terminal deletion mutants inhibit CD95-mediated apoptosis. 46 Although these findings suggests the existence of a FADD-indepen- dent apoptosis pathway from CD95, this is contradicted by the complete CD95 resistance of FADD yry thymocytes. 47 Importantly, although death receptors can induce apoptosis, this is not the only cellular response they regulate. Via TRAF proteins, TNF receptor-1 couples to a pathway that contributes to cell survival, proliferation andror differentiation. The TRAIL receptors and Apo3rTRAMP may do the same. Also, CD95 can co-stimulate peripheral T cells for TCR-induced proliferation. 48 This may be explained by the recent finding that FADD not only signals for apoptosis, but also contributes to cell survival and proliferation as appears from the phenotype of genetically modified mice. 47, 49 In addition, the DD containing serinerthreonine kinase RIP, that can interact with CD95 and TNF receptor-1, does not contribute to apoptosis, but to NF-B activation and cell survival.
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Signal transduction by the other TNF receptor family members
Other members of the TNF receptor family have cytoplasmic tails that are widely divergent in length and amino acid sequence, yet all seem to bind directly to the TRAF family. Five different TRAFs have been identified, 51 ᎐ 56 which are defined by a carboxy-terminal TRAF domain of approx. 230 amino acids that is involved in receptor interaction and in homo-and heterodimerization. 52 With exception of TRAF-1, TRAF proteins also share a zinc finger region and an amino-terminal ring finger. 52 Deletion of the ring finger gives rise to a dominant negative TRAF, 51 indicating that it binds downstream effectors. TRAF-3 and -5 share a unique domain, the function of which is not known at present.
53,55
The most intensely studied TRAF, TRAF-2, can give rise to NF-B activation, 43,57 via the following Ž . sequence of events Figure 1 : It binds NF-B induc-Ž . 58 ing kinase NIK , which in turn binds and activates a kinase called CHUK. 59 CHUK subsequently associates with and phosphorylates I B-␣ , leading to its degradation and NF-B translocation. In the TRAF-2 pathway, two other molecules influence NF-B activation. One of these has been described both as an Ž . 60 Ž . 61 inhibitor I-Traf and as a co-inducer TANK of TRAF-2 mediated NF-B activation. The second The effects of these molecules have only been demonstrated in transfected cells, and their physiological role remains to be clarified. TRAF-2 can also link TNF receptor family members to JNK. 63 This involves signal bifurcation at TRAF-2, since NIK is not involved in JNK activation. 64 The NF-B pathway is suggested to protect against apoptosis. 65, 66 The exact consequences of TRAF-2-induced JNK activation are unknown, although evidence has been provided that this is part of a non-apoptotic pathway downstream from TNF receptor-1. 67 TRAF-1 and TRAF-2 also bind to the inhibitor of Ž . 68 apoptosis proteins IAP , molecules initially found in baculovirus. Their mammalian homologues, the c-IAPs, can protect against apoptosis-induction by multiple stimuli, 69 and function as direct inhibitors of caspases, at least in vitro. 70 TNF-induced synthesis of c-IAP is under NF-B control, suggesting a positive feedback loop in the promotion of cell survival. 71 TRAF-2 also binds the A20 protein, which inhibits apoptosis. 72 In summary, by association with the molecules discussed here, TRAF-2 is expected to counteract apoptotic signaling in multiple ways.
Analysis of TRAF-2 deficient mice 73 has indicated that TRAF-2 is essential for the maintenance of multiple tissues. TRAF-2 yry mice have apparently normal organogenesis, but become progressive runted, show gradual depletion of hematopoietic organs and die shortly after birth. This suggests that at least during fetal development, TRAF-2 signaling is not essential for cell proliferation and differentiation, and supports the idea that it regulates cell survival. Both in TRAF-2 yry mice 73 and in mice expressing a dominant negative form of TRAF-2, 74 it was found that TRAF-2 protects against TNF-induced apoptosis. Surprisingly, no major effects were observed on TNFand CD40 induced NF-B activation, while JNK activation was affected. The in vivo relevance of the TRAF-2rNF-B pathway is therefore as yet unclear. To which extent loss of cell survival in TRAF-2 deficient mice can be attributed to a failure to activate JNK, c-IAPs or other potential anti-apoptotic factors remains to be established.
Like TRAF-2 yry mice, TRAF-3-deficient mice have apparently normal fetal development, but die shortly after birth, showing depletion of hematopoietic organs. 75 In chimeric mice, TRAF-3 yry precursor cells can give rise to normally sized thymus and spleen, suggesting no major role for TRAF-3 in T or B cell development. This finding again argues against a unique role for TRAFs in the regulation of cell proliferation and differentiation, at least during development. T helper cell dependent-but not T helper-independent B cell responses were affected in TRAF-3 yry mice, in line with a TRAF-3 function down-
With exception of TNF receptor-2rTRAF association, 51 interactions of TNF receptor family members with TRAFs have been identified in vitro, in the yeast two-hybrid system andror in transfection experi-Ž . ments Table 1 It should be remarked that some members of the TNF receptor family that lack a death domain have been found to induce apoptosis. This is particularly so for the NGF receptor, 84, 85 but also CD30 has been implicated in apoptosis-induction in the thymus, 86 while CD27 was found to induce apoptosis in a Burkitt lymphoma cell line. 87 The signaling mechanism underlying this apoptotic response is unknown. It was suggested that CD27 couples to apoptosis via the adaptor molecule Siva, but a direct connection has not been established. 87 
Expression of TNF receptor members in the immune system
All TNF receptor family members are expected to play a role in immune regulation, based on the expression pattern of the receptors and their ligands. As expression is regulated by inflammatory cytokines and other stimuli, it is not possible to predict the exact contribution of each receptor system based on its expression in normal tissue. However, several re-ceptors are restricted to hematopoietic organs in healthy organisms, while the TRAIL receptors 8 ᎐ 14 ATARrHVEM 16,17 and TR2 18 are also found in other organs and may play a broader role. The NGF receptor is important for the development of the peripheral sensory nervous system, 88 and therewith has a specialized role outside the immune system. TNF receptor-1 and -2 are thought to be ubiquitous, but highest expression is found in lymphoid tissue, in-Ž . 89 cluding follicular dendritic cells FDC . CD95 is found on hematopoietic cells, but also on epithelial, endothelial and mesenchymal cells. 90 TRAMP is more or less restricted to hematopoietic tissues.
The recently identified RANK has thusfar been found on cells of the erythrormyeloid lineage, in-Ž . cluding dendritic cells DC , but also on fibroblasts and neuronal cells. 19 Its ligand seems to be restricted to thymocytes and peripheral T and B cells. 19, 31, 32 With regards to its expression on professional antigen presenting cells, RANK is reminiscent of CD40. CD40 was initially studied as a B cell antigen; it is present on resting B cells and expressed throughout B cell development up to the plasma cell stage. In more recent years, however, CD40 has also been found on DC, monocytes and macrophages, mast cells, FDC, thymic epithelial cells, fibroblasts and endothelial cells. 91 This expression pattern indicates a role for CD40 in both antigen presentation and the inflammatory response. This dual role is underlined by the expression pattern of CD40L, which is induced on activated T cells and thymocytes, 91 but also on platelets, where it triggers an inflammatory reaction of endothelial cells. 92 CD27, CD30, CD137, OX-40 and GITR have a more restricted tissue distribution: they are expressed primarily in an activation-specific manner, within the immune system. CD27 expression is regulated somewhat differently in mouse and human. In the mouse, CD27 is detected at low levels early in T cell development. 93, 94 Upon pre-TCR triggering, it is up-regulated and remains high throughout T cell differentiation. 94 In humans, however, CD27 is first detected on activated CD4 q 8 q thymocytes. 95 In the periphery, CD27 is found on most T cells, transiently up-regulated upon TCR stimulation, 96 and lost from T cells upon chronic antigenic stimulation. 97 Within the B cell lineage, CD27 expression is limited to germinal center B cells and primed circulating B cells. 98, 99 Human CD27LrCD70 is found on medullary thymic epithelium and induced on both T and B cells upon activation. 97 105 suggesting a function associated with Th2 cells. In human, CD30 was originally found on occasional T and B blasts outside germinal centers. It is induced on both CD4 q and CD8 q T cells upon TCR-mediated activation in cultures primed with IL-4. 106 Apart from lymphocytes, activated macrophages can express CD30.
107 CD30L is found on T cells and monocytes, in an activation-specific fashion, 108 as well as on epithelial cells in the thymic medulla. 4-1BBrCD137 expression is also restricted. In the mouse, it has been found in activated T cells, but not in thymus, spleen or other tissues. 93 It can be induced upon TCR-mediated activation on both CD4 q and CD8 q T cells. 110 In activated T cells, 4-1BBrCD137 showed a mutually exclusive expression with CD30 and was found primarily in IFN␥ producing cells. 111 In humans, ILArCD137 is expressed on activated T and B cells, as well as on activated monocytes. Upon IL-1 ␤ stimulation, it was also detetected on non-lymphoid cells, including epithelial cells. 112 The ligand for this receptor is expressed on activated T cells, B cells and macrophages, and, according to mRNA analysis, also in various non-hematopoietic tissues. 113, 114 OX40 expression in rat, mouse and human is restricted to activated T cells.
115 ᎐ 117 OX-40 was originally described as a activation molecule on CD4 q T cells in the rat, but in the mouse it can also be found on activated CD8 q cells. 118 OX40L is present on activated T and B cells, 119, 120 as well as DC 121 and vascular endothelium. 122 According to Northern blotting, OX40L is expressed in several non-hematopoetic tissues. 119 GITR was recently cloned from mouse T cells as a dexamethasone-induced gene.
20 GITR was not detectable by Northern blotting in any mouse tissue, but up-regulated upon TCR stimulation in peripheral T cells.
Role of TNF receptor family members in lymphoid development and immune regulation
Based on the signal transduction mechanisms used by TNF receptor family members, they are expected to play a role in the regulation of cell survival. Receptors can act in a pro-apoptotic fashion by inducing the caspase cascade. On the other hand, they may be anti-apoptotic by counteracting the caspase cascade via the TRAF-IAP connection. Both of these pathways are expected to function in a transcription-independent manner. However, TNF receptor family members can also regulate gene transcription, at least by activating the c-Jun and NF-B pathways. The genes regulated by these receptors may control cell proliferation, differentiation, andror survival. In line with this, several non-apoptotic TNF receptor family members co-stimulate lymphocytes for antigen receptor-induced proliferation and differentiation. The challenge will be to define the gene products regulated by these receptors, in order to understand how each may direct the immune response, as mediated by T and B lymphocytes as well as the innate immune system. 132, 133 have been analysed for effects on lymphoid development and immune responsiveness. In none of these animals, defects were observed in thymic T cell development, or in bone marrow B cell development. This implies that these TNF receptor family members are not uniquely required for the pre-TCR-or pre-BCR driven step in lymphocyte maturation. This is particularly striking in the case of CD27, since antibody injection studies had provided evidence that CD27 cooperates with the pre-TCR in mediating proliferation of CD4 y 8 y thymocytes and their differentiation to the CD4 q 8 q stage, in line with its expression at the pre-T cell stage. 94 No death receptor has as yet been implicated in TCR-mediated negative selection of CD4 q 8 q thymocytes. Although anti-CD95 mAb can induce apoptosis in thymocytes, negative selection is not perturbed in CD95-deficient mice. 128, 134 Also, mice lacking both TNF receptor-1 and -2 display normal negative selection in a TCR transgenic in vivo model. 135 Surprisingly, although CD30 has no death domain, it seems to promote thymocyte apoptosis: in CD30 deficient mice, both in vitro and in a TCR transgenic model, TCR-induced apoptosis of CD4 q 8 q thymocytes was impaired. 86 Also CD40 has been implicated in negative selection of thymocytes. Inhibition of the interaction between CD40L on thymocytes and CD40 on thymic epithelial cells by anti-CD40L mAb injection in vivo impeded deletion of specific T cells recogniz-Ž .
Lymphoid development
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ing endogenous super antigens. However, there are as yet no reports corroborating this finding in Ž . CD40 L deficient mice. Whether CD27 plays a role in thymocyte selection is currently under investigation in CD27 yry mice. Gene targeting of other TNF receptor family members, particularly the TRAIL receptors and TRAMP, which are expressed constitutively in hematopoetic tissues, will have to indicate their possible role in T y or B cell development. The expression pattern of CD137, OX40 and GITR does not immediately suggest a role for these receptors in thymus or bone marrow, although they may well be up-regulated upon TCR triggering in the thymus and contribute to T cell selection.
The T cell response
The expression of CD40 and RANK on DC predicts a role in the initiation of the T cell response. Although virus-specific CTL could be generated in the lymphocyte choriomeningitis virus model, 137, 138 CD40 was recently found to give vital signals for CTL priming. 139 The requirement for helper T cells in the induction of CTL could be bypassed by CD40 triggering on non-B cells. 139 This finding suggests that during helper T cellrDC interaction the CD40LrCD40 pair induces specific CTL helper factors in the DC. One of these may be IL-12, which is induced by CD40 on DC. 91 Another way in which CD40 may contribute to T cell activation is by induction of the ligands for CD28, the essential T cell costimulatory molecule. 91 In line with this idea, mice lacking CD40L showed impaired in vivo priming of antigen-specific, IFN␥ producing CD4 q cells, which could be corrected by providing these mice with CD80 q antigen presenting cells. 140 Among CD27, CD30, CD137, OX-40 and GITR, CD30 and CD137 have been detected on myeloid cells and it cannot be excluded that, like CD40, they play a role in directing T cell responses by specific modulation of DC. Expression of the ligands for CD30, CD137 and OX-40 on myeloid cells also suggests their relevance in communication between professional antigen presenting cells and T cells, but with the receptor directly modifying the T cell response. Alternatively, or in addition, these molecules may play a role in T᎐T cell interactions during the initiation of the cellular immune response.
Apart from playing a role in the induction of the T cell response, TNF receptor family members may Ž . contribute to cytotoxic T cell CTL function. Though CTL can kill via the granule pathway, which involves perforin and granzymes, CD95L is rapidly induced on the CTL membrane upon target cell recognition and contributes to killing of CD95 sensitive targets. 141 Whether other death receptor systems function in an analogous manner remains to be established.
Once their task has been fulfilled, it is important that the expanded population of antigen-specific T cells is reduced and that only some of these cells differentiate into memory T cells. Activation induced Ž . cell death AICD serves this purpose. In this process, activated T cells become sensitive to TCR-induced apoptosis in time. 142 The TCR can mediate apoptosis via the CD95 molecule by inducing its ligand. 143 This mechanism is critical in AICD 134, 144 and may not only involve CD95 but also other death receptors. It appears that CD95 sensitivity is modulated during T cell activation, explaining the differential sensitivity of naıve and activated T cells to AICD. 145 It will be of interest to examine whether presumed anti-apoptotic members of the TNF receptor family confer death receptor resistance to peripheral T cells and therewith help to determine the duration of the immune response.
The B cell response
In line with CD40 expression on B cells and the presence of CD40L on activated T cells, studies in CD40-and CD40L deficient mice have established that CD40 is essential in the T cell dependent B cell response. 91,130 ᎐ 133 The T cell independent B cell response is not affected, but germinal center formation, Ig isotype switching and memory B cell formation are profoundly disturbed in the absence of CD40rCD40L interactions. Upon ligand binding, CD40 induces the expression of CD28 ligands on B cells. 91 This is essential for the induction of T cell help, as shown by compromised germinal center formation in CD28 deficient mice. 146 CD40 not only serves to induce CD28 signaling, since Ig isotype switching is more profoundly blocked in CD40L deficient mice than in CD28 yry animals. 132, 133, 146 In vitro, CD40 enhances survival of germinal B cells, and, in concert with IL-4, induces antigen receptor independent B cell proliferation. 147 This suggests that helper T cells can induce a B cell response, irrespective of antigen specificity of the B cell. However, in vivo, B cell repertoire selection takes place, which depends for a large part on the interplay between CD95 and CD40. 148 It appears that self reactive, tolerized B cells are eliminated in the periphery by CD95-dependent apoptosis upon interaction with CD4 q T cells. This requires CD40L on the T cell, which serves to up-regulate CD95 on the tolerant B cell. B cells from mice that have not previously been exposed to the relevant antigen, however, are stimulated to divide and mature upon contact with CD4 q T cells, in a CD40L and CD95-dependent manner. This implies that BCR mediated signals can alter the consequences of CD40 and CD95 signaling. It remains to be established whether death receptors other than CD95 contribute to germinal center B cell selection.
CD27, CD30, and CD137 have been found on activated B cells and may play a role in T᎐B cell interaction by modulating the B cell response. However, all three, as well as OX40 are predominant on activated T cells and are, different from CD40, expected to contribute to modulation of the T cell response during T᎐B cell interaction.
Also other TNF receptor members are important in T cell dependent B cell responses. TNF receptor-1, Ž . LT␣ and LT␤ deficient animals lack different sets of lymph nodes and have major disorganization in the spleen. 124, 126, 127 TNF receptor-1 and the LT receptor appear to be essential for differentiation of FDC, which deliver particulate antigen to B cells. In line with this, the T cell dependent Ig isotype switching of B cells to particulate, but not soluble, antigens is affected in the mutant mice.
Conclusion
Upon closer examination, the redundancy among TNF receptor family members suggested by their similarities in signal transduction will most likely prove to be limited. The majority of these molecules are expected to fulfill their role at a specific site and at a specific time during the immune response, by contributing to selective cell᎐cell interactions. 
